| INTRODUCTION
Hyperthyroidism (caused by adenomatous hyperplasia) 1 and chronic kidney disease are common in geriatric cats. Azotemia often develops when glomerular filtration rate (GFR) decreases after treatment for hyperthyroidism. 2, 3 In 1 study, cats that were both hypothyroid and azotemic after treatment had shorter survival than nonazotemic hypothyroid cats. 4 Reversal of hypothyroidism is associated with improvement in azotemia in most cats. 5 Consequently "overtreatment" of hyperthyroidism is avoided, especially if cats are concurrently azotemic. 6 However, irreversible treatment modalities (radioactive iodine [RAI] and surgery) cannot always avoid causing hypothyroidism. [7] [8] [9] Thyroidectomy offers a potentially permanent cure for hyperthyroidism without requiring specialist equipment, making it widely
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available in general practice. Previous reports of thyroidectomy pre-date interest in posttreatment hypothyroidism, focusing mainly on postoperative hypocalcaemia 7, 8, 10, 11 or recurrence of hyperthyroidism. 12, 13 Overall, 5 original studies report recurrence rates for hyperthyroidism of between 5% and 27%, 7, 8, [10] [11] [12] [13] between 3 and 59 months after surgery.
The highest rate of recurrence (3/11 cats) was in a report of unilateral surgery, 7 with recurrence rates otherwise reported as 5%-11%. 8, 10, 12, 13 All were in referral practice and preoperative scintigraphy was used routinely in 2 studies, 10, 12 or only in cats with recurrent disease. 8, 13 Recurrence was identified at the surgical site, especially with intracapsular technique, 8, 10 and ectopic foci. 12, 13 Supplementation of levothyroxine after bilateral thyroidectomy was discontinued after 3-6 months if no evidence of lethargy or haircoat change was seen. 8 Cats undergoing unilateral thyroidectomy were not supplemented despite low total thyroxine (tT4) levels for several months after surgery. 8 Low tT4 was noted in 25% (26/106) of cats undergoing bilateral thyroidectomy, and 13 (50%) of cats were given long-term levothyroxine supplementation, but no clinical signs were seen. 10 No study measured thyroid stimulating hormone (TSH), and long-term only recurrence of hyperthyroidism, not hypothyroidism, was reported. 7, 8, [10] [11] [12] [13] [14] Assessment of renal function in geriatric cats with changing thyroid status poses many challenges. After treatment of cats with RAI, GFR decreased after 1 month and did not decrease further at 6 months, but creatinine increased for 3 months before stabilizing. 3 A possible explanation is increasing muscle mass (and creatinine generation) in treated hyperthyroid cats. 15 In addition, thyroxine increases renal blood flow and GFR by RAAS activation, increased sympathetic nervous activity, and decreased peripheral vascular resistance. 16 Control of hyperthyroidism can therefore be expected to cause some increase in creatinine, as GFR decreases. Symmetric dimethylarginine (SDMA) correlates with GFR 17 and creatinine. 18, 19 Lean body mass had no effect on SDMA, in contrast to creatinine, 20, 21 and so SDMA may provide a useful indicator of renal function in cats before and after treatment for hyperthyroidism.
The first, cross-sectional, study (i) aimed to report the prevalence of hypothyroidism in cats in the first 6 months after bilateral thyroidectomy in first-opinion practice. A second, longitudinal, study
(ii) aimed to report long-term follow-up of a subset of cats to determine if postsurgical hypothyroidism is permanent or transient, and the rate of recurrence of hyperthyroidism. All samples from both of the initial studies were analyzed with (iii) the aim of assessing the influence of changing thyroid status on the relationship between SDMA and creatinine.
| MATERIALS AND METHODS

| Case selection
Cases were selected from geriatric feline clinics (recruiting cats over 
| RESULTS
| Cross-sectional study
Eighty-one cats were identified as having undergone bilateral thyroidectomy. Three cats were excluded from the analysis as they had no recorded date for surgery, 3 cats were lost to follow-up immediately after surgery, and a further 7 cats had no stored samples available.
Sixty-eight cats were therefore included in the cross-sectional study. All cats were neutered, and no cats were of pedigree breeds. 
| Longitudinal study
Long-term follow-up was available for 23 cats (range 595-1955 days).
Of these cats, the cross-sectional study had documented that 16 cats had low tT4 after surgery (2 of which were unclassified with normal TSH but low tT4), and 7 cats had normal tT4 (2 of which were unclassified with high TSH but normal tT4); Figure 2 . Twelve of the cats Kaplan-Meier time-to-event analysis, demonstrating the first time at which normalization of tT4 (>10 nmol/L) and TSH (<0.15 ng/mL), respectively, was documented in 23 cats after bilateral thyroidectomy surgery. All cats had blood samples analyzed within 6 months of surgery and every 6 months afterwards where possible. Seven cats that died without reaching these levels were censored from the analysis, indicated by the circles on the graph. The 2 curves are not significantly different (P = .20) on log-rank analysis FIGURE 5 Samples from 68 cats that underwent treatment of hyperthyroidism by bilateral thyroidectomy, with symmetric dimethylarginine (SDMA) and creatinine measured concurrently both before and after surgery. In total, 151 data points plotted, some of which are repeated measures from the same cats. The dotted gridlines represent the reference ranges for creatinine (2.0 mg/dL, 177 μmol/L) and SDMA (14 μg/dL), respectively. Samples are categorized by tT4 concentration and lines of best fit plotted using intercept and slope generated from a generalized estimating equation Analysis of variables influencing SDMA concentrations utilizing a GEE revealed significant influence on SDMA by thyroid status (P = .01), creatinine (P < .001), and their interaction (ThyroidStatus × Creatinine; P = .003). Bodyweight had a significant effect on SDMA alone (P = .008)
but not as an interaction with other variables (ThyroidStatus × BodyWeight; P = .31, BodyWeight × Creatinine; P = .61). Body condition score was not significant in univariable analysis (P = .15). The effect of creatinine on SDMA concentration was greater in hyperthyroid cats than in cats that were euthyroid or hypothyroid (Table 1 ).
| DISCUSSION
Recurrent hyperthyroidism occurs in 5%-11% of cats after bilateral thyroidectomy, 8, 10, 12, 13 as compared to recurrence in our population of 22% in the short term (within 6 months of surgery), with a further 44% over the long-term (up to 1049 days). Results of the present study are likely to be more representative of those achieved in first opinion practice than are previous reports. Recurrence is more frequently associated with a particular surgical (intracapsular) technique 10 or in the presence of ectopic thyroid tissue. 12 There was no consistent recording of the surgical technique used, and the experience of the surgeons was also variable, including relatively new graduates and experienced practitioners; and therefore, the higher recurrence rate is likely to be the result of multiple variables, preventing direct comparison. These cats also did not undergo presurgical screening (technetium scintigraphy) for ectopic tissue, estimated to affect 4%-12% of cats, or carcinoma, estimated at 2%. 23 These factors might have combined to result in a high incidence of postoperative hyperthyroidism in the present study. Radioiodine and surgery have both been portrayed as "permanent" cures for hyperthyroidism, often chosen to avoid long-term medication, as difficulty in administering medication was a factor in the choice of radioiodine treatment for 43.9% of owners. 24 If the present study can be considered representative of the results achieved in first opinion practice, then the notion that thyroidectomy offers a permanent "cure"
for hyperthyroidism should perhaps be reconsidered. However, the recurrence of hyperthyroidism after thyroidectomy is a concern for only 11.5% of owners seeking radioiodine treatment. 24 Interestingly, despite the anesthetic risk of surgery in geriatric cats, the population included here had a median age of 14.9 years and the oldest cat undergoing surgery was 20.4 years old, suggesting that perhaps this risk does not discourage owners as much as previously thought. This may reflect the expense of radioiodine in comparison to surgery, or a lack of awareness of nonsurgical options, demonstrated by 53.3% of hyperthyroid cat owners being unaware of RAI as an option. 24 Many cats in the present study (40/68) had staged procedures (2 unilateral surgeries), in some cases with a prolonged time between them. This is despite the presence of bilateral disease occurring in the majority of cats (62.9-66.1%). 23, 25 The reason for staging of the primary procedure is thought to be due to concerns for iatrogenic hypoparathyroidism and subsequent hypocalcaemia after surgery. Staged bilateral thyroidectomy does reduce the incidence of hypocalcaemia, though the authors did not suggest that staged procedures should be performed routinely. 7 Others have suggested a preference for staged surgery to allow resolution of damage to parathyroid function. 26 A larger proportion of cats became hypothyroid after nonstaged bilateral procedures, which could reflect recovery of some function of the residual tissue after thyroidectomy occurring in the interim between procedures.
14 Long term, this study documents restoration of euthyroidism in 39% of cats after bilateral thyroidectomy, although two-thirds of these had previously had been hypothyroid. Success rates in the published literature are quoted as between 66% and 90%, 10, 12, 13 but are difficult to compare, as the definitions of euthyroidism vary (with some studies including tT4 levels below the reference range), and follow-up periods are generally short. Comparison of these figures with published follow-up from radioiodine treatment, 1 of the main alternative options for owners, suggests that cats treated surgically in first opinion practice have a higher incidence of recurrent or persistent hyperthyroidism (compared to 1.5%-9.5%) but comparable rates of hypothyroidism (between 4% and 36% depending on the study). 16, 25, 27 However, our short-term prevalence of hypothyroidism (49%) is based on a single time point for each cat and so could have been too soon or too long after surgery to document cats with transient hypothyroidism or those for which the increase in TSH after surgery is delayed.
Changes in thyroid status occurred at prolonged periods after surgery. This was true not just in cats that had recurrent hyperthyroidism (which could be explained by novel adenomatous transformation) 14 but also in 3 cats in which normalization of tT4 was only seen after 604-890 days of hypothyroidism. These 3 cats had prolonged follow-up in their euthyroid state (2-4 years), suggesting that it was not imminent hyperthyroidism causing the rise in tT4. Previous studies 11, 16, 25 have mostly focused on follow-up only in the initial 6-12 months post-treatment, but the present study suggests that longer term follow-up of cats remains important. Thyroid function can, and frequently does, change dramatically at time periods far beyond 6 months after surgery. Unfortunately, it is not possible to confirm prevalence for the whole population, as some cats lacked long-term follow-up, but in total 25 of the 68 cats initially enrolled developed recurrent hyperthyroidism. As with Data were obtained from 68 cats that had a bilateral thyroidectomy in first opinion practice; in total, 151 measurements were used. Creatinine, bodyweight, thyroid status, and an interaction term of creatinine × thyroid status were included in the final model. many retrospective studies, our follow-up has limitations; some cats were presented more regularly than others, and many cats had no and TSH may pose a challenge when using TSH concentrations to characterize thyroid status after treatment, for diagnosis of nonthyroidal illness, occult hyperthyroidism, or subclinical hypothyroidism. [28] [29] [30] The findings of the present study impact upon the timing of decisions to initiate levothyroxine supplementation, now a recommendation for all azotemic cats with low tT4. 6 Lack of suppression of TSH concentrations, in cats with normal tT4, has been suggested to indicate subclinical hypothyroidism, 31 therefore necessitating an increased dose of thyroid hormone. In cats reported here, TSH remained above our reference range 22 for prolonged periods after normalization of tT4. If this sustained increase in TSH were to be ascribed to occult hypothyroidism, then some cats with normal T4 would also warrant supplementation. However, that abstract used 0.5 ng/dL as their cutoff for TSH, a higher value than that utilized here, and so cats would have fallen into this range more rapidly. In a further study, the reported reference range for TSH was 0.03-0.3 ng/mL. 32 However, the origin of that reference range is unclear, and the 131 clinically normal euthyroid cats in that study had TSH concentrations of 0.04 ng/mL (interquartile range, 0.02-0.07 ng/mL), which suggests that a narrower reference range may be appropriate for healthy cats. Clearly these reference ranges used in various papers are difficult to reconcile, but the use of a broader range might be appropriate after treatment in hyperthyroid cats.
Symmetric dimethylarginine and creatinine showed good correlation, in agreement with previous reports. [17] [18] [19] Our population showed a high number of discordant results, 35% of samples were classified differently based on 1 or the other measurement. We found that SDMA was more often increased with normal creatinine than the other way around, in agreement with a previous study. 19 All the cats with increased SDMA and creatinine within the reference range were documented to have renal azotemia (elevated creatinine and USG <1.035) at a previous time point. However, 5% of samples in our population had increased creatinine (presumed to represent a reduced GFR) with SDMA within reference range, in contrast to a previous study that found the sensitivity of SDMA for a 30% reduction from median GFR to be consistently higher than that of creatinine. 19 In part, this may stem from a lower reference interval for creatinine in the laboratory used in the present study than that used previously (ie, 2.0 mg/dL as opposed to 2.1 mg/dL). 19 Closer inspection of the data for the discordant samples with high creatinine (and normal SDMA) revealed USG <1.035 in many of the cats, supporting the presence of renal azotemia. Although the influence of prerenal factors on creatinine cannot be discounted, this suggests that SDMA could be misleading in some cats with renal azotemia.
Assessment of SDMA and creatinine revealed a linear relationship. The GEE indicated that SDMA concentrations were related not only to creatinine concentrations but also to thyroid status. Specifically, the slope of the relationship between SDMA and creatinine was steeper (ie, SDMA was relatively higher) in hyperthyroid cats compared with euthyroid and hypothyroid cats. This is in contrast to the weak negative relationship of tT4 to both SDMA and creatinine found in a recent study. 33 This could be because of the effect of thyroid hormones on muscle mass 15, 20, 21 with a resultant decrease in creatinine production. However, only bodyweight, and not BCS, was found to be significant. Alternatively, thyroid hormones alter cellular metabolism and protein turnover, 34 and the effect of low thyroid hormone levels in reducing endogenous production of creatinine has been previously reported. 35 Thyroid hormones might also have direct effects on SDMA generation, as demonstrated for cystatin C in hyperthyroid cats, 36 and in humans, SDMA concentrations have been found to be increased with either hyperthyroidism or hypothyroidism. 37, 38 A relatively mild effect of bodyweight on the relationship of SDMA and creatinine was also present, in contrast to previous reports 20, 21 with higher bodyweight associated with relatively lower SDMA concentrations compared to creatinine. The use of SDMA as a surrogate for GFR, therefore, has limitations, much as seen with the use of creatinine. It seems likely that thyroid status influences the concentrations of creatinine and SDMA, both relative to GFR and to 1 another.
Unfortunately, for this retrospective study, gold standard assessment of renal function by GFR measurement was not available. Evaluation of BCS was recorded for only 92 of the 151 samples, and no record was made of muscle mass score. It is possible therefore that missing data could be the reason that there was an association with bodyweight but not BCS.
A major limitation of this retrospective study was the availability of samples, and the desired length of follow-up, necessitating the use of samples that had been in storage for years (72/151 samples were stored for 10 years or more at −80 C) and some of which had undergone 1 or 2 freeze-thaw cycles. Although data on the stability of feline biochemical markers and hormones is limited for this length of storage, there is evidence for stability of T4 in frozen canine samples over 5 days of storage. 39 Thyroid stimulating hormone and fT4 are stable in frozen human serum for 13 months and for up to 29 years. 40, 41 Stored samples have been used previously for analysis of SDMA in studies in 2014 and 2016, 19, 42 although the length of time stored was not specified, the samples were noted to be from 2010 and after, suggesting some could have been 4-6 years old. Symmetric dimethylarginine is stable over 3 freeze-thaw cycles in canine samples. 43 Further studies to assess the stability of measurement for hormone and renal markers in stored feline samples would be welcomed.
In summary, after thyroidectomy, a high percentage of cats can develop recurrent hyperthyroidism. Cats can experience recovery of thyroid function, or progression to hyperthyroidism, for years after surgery. Cats that regained normal thyroid function often showed a lag phase, where TSH remained increased but tT4 had normalized.
Conversely, when TSH is undetectably low, it is frequently, although not always, a harbinger of recurrent hyperthyroidism.
Symmetric dimethylarginine and creatinine are strongly linearly related, as would be anticipated as they are both good estimates of GFR; however, they are also influenced by thyroid status. The association cannot be explained by changes in body weight or BCS. Further studies are required to evaluate the effect of hyperthyroidism on SDMA, ideally incorporating GFR estimation.
